ABSTRACT This paper proposes a novel approach to deal with pilot contamination for spatially correlated massive multiple-input multiple-output (MIMO) systems with insufficient pilots. Specifically, a typical multi-cell multi-terminal time division duplex massive MIMO system is modeled first. To maximize the average achievable system capacity, a user grouping method which progressively merges the individual terminals with the largest angle of arrival similarity is proposed to mitigate the intra-cell interference. Furthermore, in order to alleviate the inter-cell interference, a pilot allocation method is proposed, including two algorithms, i.e., group matching algorithm and graph coloring-based pilot allocation algorithm. Compared with the existing pilot allocation schemes, the simulation results validate that the proposed approach can effectively improve the complexity-performance trade-off with a finite number of the base station antennas.
I. INTRODUCTION
Along with the swift development of smart devices, mobile data traffic has grown rapidly in recent years. By exploiting large scale antenna arrays at base stations (BSs), massive multiple-input multiple-output (MIMO) technology provides an effective solution to the exponential growth of data traffic. It has the ability to increase spectral efficiency 10 times or more and simultaneously improve energy efficiency on the order of 100 times without deploying more BSs in practical systems [1] . In addition, massive MIMO technology has enormous potential in many other respects, such as reducing the latency on air interface, simplifying multiple access layer, reducing hardware costs and increasing system robustness [2] . It has become a key enabling technology for beyond fourth generation (B4G) cellular systems [3] , [4] .
Channel state information (CSI) for both uplink and downlink is crucial to achieve a high-quality communication in massive MIMO systems. For time division duplex (TDD) massive MIMO circumstances, uplink CSI is obtained by periodically transmitting the known pilots at terminals and downlink CSI is obtained by adopting channel reciprocity [5] . In this case, pilot contamination caused by pilot reuse among terminals becomes one of the major bottlenecks [6] . However, for frequency division duplex (FDD) massive MIMO circumstances, channel reciprocity no longer applies and downlink CSI is obtained with the help of feedback channels [2] . In this case, how to reduce the amount of feedback information which is positively related to BS antenna number becomes the key problem [7] . We focus on massive MIMO systems with TDD protocol in this paper.
To reduce the negative impacts caused by pilot contamination, a variety of schemes have been proposed. With the time-shifted uplink frame structure, terminals in different cells can transmit pilots at non-overlapping times [8] . However, this structure suffers from handover complexity because of the mutual interference between pilot and data signals. An adjustable phase shift pilots (APSPs) was formulated to reduce the pilot overhead for channel acquisition in wideband massive MIMO systems employing orthogonal frequency division multiplexing (OFDM) protocol [9] . In addition, the blind pilot decontamination theory based on subspace projection method [10] and the multi-cell minimum mean square error based (MMSE-based) precoding scheme [11] can effectively mitigate inter-cell interference with heavy computational complexity. A smart pilot assignment scheme which assigns the pilot with the smallest intercell interference to the terminal having the worst channel quality in a sequential way was proposed in [12] . However, the convergence of this scheme cannot be guaranteed under different system parameters. The graph coloring based pilot assignment method which regarded vertices as terminals and edges as potential pilot contamination among terminals was proposed to mitigate pilot contamination for multi-cell massive MIMO systems [13] - [15] . However, these three papers all assumed that the number of orthogonal pilots was larger than that of terminals in one cell, which mean one pilot would not be reused in one cell. This assumption is not always valid in practical wireless systems where the intra-cell interference cannot be ignored.
By adopting the spatial correlation among terminals, which means the terminals are located geographically apart in different spatial directions, the covariance-aware channel estimation strategy can lead to a complete removal of pilot contamination if the channel covariance matrices of all terminals are mutually orthogonal [16] - [18] . However, the papers [16] , [17] adopted the single-cell massive MIMO model and did not work in inter-cell interference scenarios. And the paper [18] assumed that the number of orthogonal pilots is equal to that of terminals in one cell and does not work in intra-cell interference scenarios. Moreover, a coordinated pilot reuse (CPR) approach which allowed the same pilot to be reused among both inter-cell and intra-cell terminals extended this channel estimation strategy to intercell and intra-cell interference scenarios [19] , [20] . However, the covariance-aware estimation strategy suffers from heavy computational complexity because the individual channel covariance matrices for all terminals must be estimated separately. In addition, a location-aware pilot allocation algorithm which exploited the behavior of line-of-sight (LOS) interference among terminals was proposed to deal with pilot contamination for multi-cell massive MIMO systems [21] . And the main idea was to allocate the same pilot to the terminals with small LOS interference. The location-aware algorithm assumed that the angle of arrival (AOA) spread of each terminal was small and did not consider the non-line-ofsight (NLOS) interference. However, this is not always valid in practical wireless systems.
In this paper, a novel approach is proposed to deal with pilot contamination for spatially correlated massive MIMO systems. The expression of average achievable system capacity is derived for a typical multi-cell multi-terminal TDD massive MIMO network with insufficient pilots. To maximize this performance indicator, a user grouping method which progressively merges the individual terminals with the largest AOA similarity is formulated to mitigate intra-cell interference. After the grouping method is adopted in all cells, the groups in the system are divided into different collections through a group matching algorithm. In this way, the intercell interference can be preliminarily alleviated. Then a graph coloring based pilot allocation algorithm which assigns the same pilot to the terminals with small potential interference is proposed to further alleviate inter-cell interference. Compared with the existing pilot allocation schemes, the simulation results show that the proposed approach can effectively improve the complexity-performance trade-off with finite number of BS antennas. Specifically, our paper differs from previous papers and the main differences are as follows:
• The individual channel covariance matrices for all terminals are necessary for the methods in [19] and [20] . However, the proposed approach only requires the individual channel AOA intervals for all terminals, which can be easily tracked at BSs with low complexity [22] .
• The method in [21] only considers the LOS interference between two terminals. However, this paper proposes a more comprehensive parameter, i.e., channel AOA similarity, to describe the potential interference between two terminals. Other chapters are as follows: Section II introduces the system model and optimization problem. Section III provides the user grouping method. Section IV proposes the pilot allocation method. Section V shows simulation results. Section VI is a conclusion of this paper.
Notion: In this paper, italics symbols denote scalars. Boldface lowercase symbols denote vectors. Boldface uppercase symbols denote matrices. (·) T denotes the transpose operator. (·) H denotes the Hermitian operator. C denotes the complex number. CN (0, 1) denotes the circularly symmetric complex Gaussian variable with mean 0 and variance 1.
II. SYSTEM SPECIFICATION
In this section, a typical multi-cell multi-terminal TDD massive MIMO system with spatially correlated fading channels is presented firstly. Then the average achievable capacity for a target terminal is calculated. At last, an optimization problem related to pilot allocation is formulated to maximize the system capacity. 
A. SYSTEM MODEL
As shown in Fig.1 , we consider a typical multi-cell multiterminal TDD massive MIMO system. It contains L hexagonal cells which share the same time-frequency resource. Each cell contains one BS equipped with M independent antennas and K single-antenna terminals. Specifically, the only BS is located at the center of a cell. The minimum distance between the BS and terminals is r, while the radius of each cell is R. In addition, we assume that the terminals in each cell are located geographically apart in different spatial directions. And this directional difference causes the spatial correlation of terminals [16] - [18] .
In this paper, the multipath channel model is adopted [15] , [18] , [22] . Then the uplink channel response vector between the j-th BS and the k-th terminal in the l-th cell h jkl ∈ C M ×1 is expressed as
where P denotes the number of transmission paths. v(θ ) ∈ C M ×1 denotes the steering vector corresponding to θ . We assume that the incidence angle θ ∈ [0, 2π ] with a probability density function (PDF) f (θ ). α p jkl denotes the channel response factor of p-th path which follows CN (0, β jkl ) distribution. Specifically, when the BS is equipped with uniform linear array (ULA), v(θ ) can be expressed as
where = D cos θ λ . D denotes the antenna spacing at BSs, and λ denotes the signal wavelength. In addition, β jkl denotes the large-scale fading factor, and it is given by β jkl = 1 r γ jkl , where r jkl denotes the geographical distance between the j-th BS and the k-th terminal in the l-th cell. γ denotes the experimental decay exponent.
Moreover, TDD protocol is applied in this system. We assume that the transmissions and receptions in all cells are synchronous. This assumption maximizes the intra-cell and inter-cell interference, which means it constitutes the worst possible situation [5] . By considering the time block fading model, the uplink channel response vectors vary in time but remain constant during the coherence interval with a duration of T .
B. CHANNEL ESTIMATION
At the beginning of each coherence interval, all terminals in the system transmit their own pilots with a duration of τ to BSs. And we assume that the number of orthogonal pilots is τ (τ < K ), which means the pilot reuse in one cell cannot be avoided. This assumption is different from the situation where one pilot cannot be reused in one cell [13] - [15] .
Let S = [s 1 , s 2 , . . . , s τ ] T ∈ C τ ×τ denotes the pilot matrix, and the pilots in S are orthogonal to each other. In addition, the pilots in matrix S are unit vectors. Then the received pilot signals at the j-th BS Y j ∈ C M ×τ is given by
where ρ p denotes the pilot transmission power which is assumed to be a constant for all terminals. s nm ∈ C 1×τ chose from S denotes the pilot assigned to the n-th terminal in the m-th cell. N p ∈ C M ×τ denotes the additive pilot noise matrix, and each element of N p follows CN (0, 1) distribution. Take the k-th terminal in the j-th cell as an example. The j-th BS implements the least squares (LS) approach adopted in [5] , and obtains the channel estimation of target terminal
The first term on the right side of (4) denotes the desired channel response vector. The second one is caused by pilot reuse in the j-th cell. φ i = 1 only when the i-th terminal in the j-th cell uses pilot s kj . Otherwise, φ i = 0. The third one is caused by pilot reuse in the other cells. Similarly, φ nm = 1 only when the n-th terminal in the m-th cell uses pilot s kj . Otherwise, φ nm = 0. And the fourth one denotes the equivalent pilot noise matrix.
C. UPLINK DATA TRANSMISSION
After the pilot transmission is completed, all terminals in the system transmit their own data signals with a duration of υ = (T − τ ) to BSs. The received data signals at the j-th BS R j ∈ C M ×υ is given by
where ρ d denotes the data transmission power which is assumed to be a constant for all terminals. x nm ∈ C 1×υ denotes the data signal from the n-th terminal in the m-th cell. N d ∈ C M ×υ denotes the additive data noise matrix, and each element of N d follows CN (0, 1) distribution. Then the j-th BS implements the standard maximal ratio combining (MRC) approach adopted in [12] , and detects the received data signals according to the channel estimation results. Note that the accurate channel estimation cannot be obtained under pilot contamination as shown in (6) . Therefore, for the k-th terminal in the j-th cell, the BS detects data sequences by correlatingĥ H jkj with R j directly aŝ
x kj ∈ C 1×υ denotes the estimation of x kj . The first term on the right side of (6) denotes the desired data signal. The second VOLUME 6, 2018 one denotes the intra-cell interference. The third one denotes the inter-cell interference. And the fourth one denotes the equivalent data noise matrix. Then the uplink signal-to-interference and noise ratio (SINR) for the k-th terminal in the j-th cell can be calculated as
And the average uplink achievable capacity is given by
where W denotes the total bandwidth. µ denotes the ratio of pilot length τ and coherence interval T , i.e., µ = τ T .
D. PROBLEM FORMULATION
To maximize the average achievable system capacity, an optimization problem related to pilot allocation is formulated as
where { } denotes all kinds of pilot allocation methods. The most direct way to solve (9) is exhaustive search. The adoption of this approach means we have to try all possible allocation methods and choose the most qualified one. However, the complexity is too high. Take a massive MIMO system with L = 3, K = 8 and τ = 4 as an example. There are 4 pilot candidates for each terminal, and the search complexity is τ L×K = 4 24 ≈ 2.8 × 10 14 , which is infeasible to operate in practice.
In addition, (4). This means the intra-cell interference cannot be ignored and how to reuse pilots in one cell plays an important role in improving system capacity. Therefore, the graph coloring based pilot assignments in [13] , [14] , and [15] cannot be adopted directly, because there are proposed with τ > K .
In this paper, a novel approach is proposed to solve the optimization problem (9) . Specifically, this approach contains two steps. Firstly, a user grouping method is constructed to mitigate intra-cell interference. After the grouping method is adopted in all cells, a pilot allocation method is formulated to alleviate inter-cell interference. The remainder of this paper introduces these two steps in detail.
III. USER GROUPING METHOD
Note that the user grouping and pilot allocation method are all based on the assumption that the individual channel AOA intervals for all terminals can be estimated separately at all BSs. In this section, the AOA interval estimation scheme is presented firstly. Then the user grouping method which can be easily implemented according to channel AOA intervals is proposed.
A. AOA INTERVAL ESTIMATION SCHEME Different from BSs with limited scatterers, terminals are usually surrounded by rich scatterers. When the height of BSs h can be ignored compared with the minimum distance between the BS and terminals r, the AOA interval estimation model in a macrocellular circumstance can be given as Fig.2 [22] . In Fig.2 , we assume that the scatterers around terminals are located within a ring of radiusr. The coordinates (x 0 , y 0 ), (x 1 , y 1 ) and (x 2 , y 2 ) denote the location information for the BS and two terminals respectively. Although UE 2 is located outside this cell, (x 1 , y 1 ) and (x 2 , y 2 ) are known to the BS. This is valid because in long term evolution (LTE) systems, after a terminal selects the BS with the best channel condition, it still needs to track the signals from available BSs to prepare the switching process among cells. Take UE 1 as an example. The minimum AOA θ min 1 and maximum AOA θ max 1 seen at the BS from UE 1 can be calculated as
With enough transmission paths, the PDF f (θ ) tends to follow a uniform distribution, and the incidence angle θ 1 can be expressed as θ 1 ∈ [θ min 1 , θ max 1 ] [22] . Similarly, the incidence angle seen at the j-th BS from the k-th terminal in the l-th cell θ jkl can be given as
In this way, the individual channel AOA intervals for all terminals in the system can be estimated separately at all BSs according to the location information for BSs and terminals.
B. USER GROUPING ALGORITHM
According to the previous works [17] , [18] , the terminals with mutually non-overlapping AOA intervals will not contaminate each other when the BS antenna number tends to infinity. Naturally, we define a parameter, called channel AOA similarity, to measure the spatial correlation seen at the j-th BS between the n-th terminal in the j-th cell and the m-th terminal in the j-th cell as
In (13) indicates that the intra-cell interference between these two terminals will be more severe when the same pilot is allocated to them. We construct a distance matrix of all the terminals in the j-th cell
This means the element in the n-th row and m-th column of D j is d jnj jmj . The user grouping algorithm is started by letting each terminal in the j-th cell form a group G η j , for η = 1, 2, . . . , K . The average AOA similarity between two groups is given as
where |G η j | denotes the number of terminals in G η j . Next the groups with the largest average AOA similarity are merged progressively through the bottom-up grouping method. If the number of terminals in a group equals τ , this group is picked up and the corresponding terminals are removed from terminal set j . The rest of terminals in this cell implement the grouping algorithm until all terminals are grouped. The specific user grouping algorithm is described in Algorithm 1.
We assume that ς = K τ is a positive integer which is larger than 1 in this paper. The user grouping algorithm can be easily extended to the situation where this assumption is invalid. An example of Algorithm 1 is illustrated in Fig. 3 with K = 8 and τ = 4. Note that the edges with weight 1 are omitted for simplicity. According to the algorithm, the user grouping process is as follows: {1}{2}{3}{4}{5} { 6}{7}{8} → {1, 2} → {3, 4} → {6, 7} → {6, 7, 8} → {1, 2, 3, 4} → {5, 6, 7, 8}. This means {1} and {2} are merged firstly. Then {3} and {4}; {6} and {7}. Next, {8} is added to {6, 7}. After {1, 2} and {3, 4} are merged, {5} is added to {6, 7, 8}. At last, the grouping results are {1, 2, 3, 4} and {5, 6, 7, 8}. Step 1:
Let each terminal form a user group, G 1 j = {UE 1 } and so on. 5: Step 2:
Merge the pair-wise groups with the smallest (15). 6: Step 3: The grouping results in the j-th cell. We assume that all terminals in one cell are merged into one group at last, which means there are K iterations during the grouping procedure. In the i-th iteration, we have to choose the qualified pair-wise groups in (K −i+1) groups. Therefore, the complexity for this user grouping algorithm is O(K 2 ).
IV. PILOT ALLOCATION METHOD
After the user grouping method is adopted in all cells, which means the complexity is O(LK 2 ), a pilot allocation method which contains two algorithms is formulated. Specifically, a group matching algorithm is proposed firstly to preliminarily alleviate inter-cell interference. Then a graph coloring based pilot allocation algorithm is presented to further alleviate it. The remainder of this section introduces these two algorithms in detail.
A. GROUP MATCHING ALGORITHM
We define a normalized parameter to measure the potential inter-cell interference seen at the j-th and l-th BS between the n-th group in the j-th cell G indicates that the inter-cell interference between these two groups will be more severe when the corresponding terminals are allocated with the same pilot. We construct a distance matrix of all groups in the systemD
The group matching algorithm is started by letting two groups in different cells with the largest distance form a group collection G col . Next choose the group in remaining cells with the largest total distance between itself and G col , which is defined asd
then this group is merged into G col . When the number of groups in G col (denoted by |G col |) equals L, which means all L cells are traversed, the corresponding groups are removed from the system. The rest of groups implement the group matching algorithm until all groups are processed. The specific group matching algorithm is described in Algorithm 2. An example of the group matching algorithm is illustrated in Fig. 4 with L = 3, K = 8 and τ = 4. According to Algorithm 2, the 1-st and 2-nd group form a group collection firstly. Next the 3-rd group is merged into this group collection. Then the remaining three groups form the other group collection.
In addition, the complexity for step 1 in Algorithm 2 is O(L 2 ς 2 ) because we need to choose the appropriate groups among L 2 ς 2 choices. Similarly, the complexity for step 2 is O(Lς ). The matching process will be repeated ς times until Step 1:
Let two groups in different cells with the largest (16) form a group collection G col . 5: Step 2:
Merge the group in remaining cells with the largest (19) into G col . 6: Step 3: The group matching results in the system. all groups are processed and the complexity for this group matching algorithm is O (L 3 ς 4 ) .
B. GRAPH COLORING BASED PILOT ALLOCATION ALGORITHM
There we take a group collection G col as an example and define a normalized parameter to measure the potential intercell interference seen at the q-th and l-th BS between the n-th terminal in the group within the q-th cell (G col ] n q and the m-th terminal in the group within the l-th cell (G col ] m l , for n, m = 1, 2, . . . , τ , when these two terminals are allocated with the same pilot as
In (20), we have
The expression of d
is similar to (21) and we omit it. In (20), we have ε
m l ) = 0 denotes that for the q-th and l-th BS, the n-th terminal in the group within the q-th cell and the m-th terminal in the group within the l-th cell satisfy the non-overlapping AOA interval constraint, i.e., [θ min
In this case, the channel response vectors corresponding to these two terminals are orthogonal from the perspective of the q-th and l-th BS. And
indicates that the inter-cell interference between these two terminals will be more severe when the same pilot is allocated to them.
We construct a distance matrix of all terminals in G col
Then we formulate an undirected weighted graph = (V,E), where the vertices in V denote the terminals in G col and the edges in E denote the potential inter-cell interference in (22) . The graph coloring based pilot allocation algorithm contains two principles: 1). Ensure that one pilot cannot be reused in one group. Then the intra-cell interference among terminals can be mitigated as much as possible. 2). Two terminals in different groups may reuse the same pilot only when the inter-cell interference is small enough. Then the inter-cell interference among terminals can be alleviated as much as possible.
Specifically, two terminals in different groups with the largest weighted edge are selected firstly. Then they are assigned with different pilots and added to the assigned terminal set G ass col . Select the terminal with the largest weigh sum of edges connecting itself and terminals in other groups within G ass col , which means the terminal with maximum
Then select the pilot with the smallest intra-cell interference, i.e., the pilot unused in the group within the q-th cell, and the smallest potential inter-cell interference, which means the pilot which satisfies
where [G The pilot allocation results in G col . An example of the graph coloring based pilot allocation algorithm is illustrated in Fig.5 with L = 3 and τ = 3.
Note that the edges with weight 0 are omitted for simplicity. According to Algorithm 3, the 2-nd and 4-th terminal are selected firstly. Then the pilot B and A are assigned to them respectively. Next the 8-th terminal with weight 1.6 is assigned with pilot C. The 6-th terminal with weight 1.5 is assigned with pilot C and so on. VOLUME 6, 2018 In addition, the complexity for step 1 in Algorithm 3 is O(L 2 τ 2 ) because we need to choose the appropriate terminals among L 2 τ 2 choices. Similarly, the complexity for terminal selection (step 2) is O(Lτ ). The complexity for pilot selection (step 3) is O(τ ). Note that Algorithm 3 will be repeated ς times until all terminals in the system are assigned with corresponding pilots. Therefore, the complexity for this graph coloring based pilot allocation algorithm is O (L 3 τ 4 ς ) .
C. COMPLEXITY COMPARISON
Based on the analysis above, the complexity for the proposed approach can be expressed as O( ), where
It is negligible compared with the complexity for exhaustive search τ L×K . In addition, the complexity for the CPR scheme is O(L 3 K 3 ) [19] , [20] . In these two papers, the channel covariance matrices are adopted to measure the potential interference between two terminals. However, the estimation of covariance information suffers from a heavy computational load because it is positively related to the number of BS antennas. Specifically, in each calculation of the relevance defined in [19] and [20] , the number of scalar multiplications is O(M 2 ). This paper adopts the channel AOA similarity to describe the potential interference between two terminals. In each calculation, only several scalar operations are implemented according to (13) , (16) and (20) . Therefore, a qualitative conclusion can be drawn: the computational complexity for the proposed approach is much lower than that for the CPR scheme when M is large.
For the location-aware scheme in [21] , each cell is divided into ς tiers firstly. During this process, the large-scale fading factors are used as the standard directly. Compared with Algorithm 1, the calculation of (13) is omitted. Then the pilots are assigned to the terminals from the center cell to neighboring cells. The complexity for this process is O(L 2 K 2 ) because the location-aware scheme assigns pilot to the terminal closest to the BS firstly, which means the terminal and pilot selection in Algorithm 3 are omitted. In addition, the locationaware scheme does not contain the tier (group) matching algorithm compared with the proposed approach. And only several scalar operations are implemented in each calculation of the LOS interference defined in [21] . Therefore, another qualitative conclusion can be drawn: the computational complexity for the proposed approach is higher than that for the location-aware scheme.
V. SIMULATION RESULTS
In this section, the channel estimation error and system capacity are evaluated under different parameters. We assume that the terminals are randomly located within the cell except the disk with a radius of r, and the BSs adopt the ULA with antenna spacing D = λ 2 . The simulation parameters are summarized in Table 1 . In simulations, the curve of exhaustive search is not plotted because its complexity is too high to be realized. In addition, ''Classical Scheme'' denotes the random assignment [5] . ''CPR Scheme'' denotes the pilot reuse method [19] , [20] . ''Location-Aware Scheme'' denotes the pilot allocation [21] . ''Proposed Scheme'' denotes the approach proposed in this paper.
A. CHANNEL ESTIMATION ERROR
We define a parameter, called normalized estimation error, to measure channel estimation error as Fig.6 shows normalized estimation error vs. pilot SNR. It is obvious that the normalized estimation error decreases with the increase of pilot SNR. This is because a larger pilot SNR indicates that the adverse effects caused by pilot noise will be more modest. In addition, when pilot SNR ≤ 5 dB, the estimation error can be reduced significantly by increasing pilot SNR. However, when pilot SNR > 5 dB, the decrease in estimation error is not evident. Fig.7 shows normalized estimation error vs. K . It is obvious that the normalized estimation error increases with the increase of K . This is because the potential interference becomes more severe with a larger K .
From Fig.6 and Fig.7 , we can also know: 1). The ''Classical Scheme'' has the worst channel estimation error performance. 2). The ''Proposed Scheme'' outperforms the ''Location-Aware Scheme'' because the latter only considers the LOS interference between two terminals. In contrast, the ''Proposed Scheme'' proposes a more comprehensive parameter, i.e., channel AOA similarity, to describe the potential interference between two terminals. 3). The estimation error performance of ''Proposed Scheme'' can approach that of ''CPR Scheme'' with lower computational complexity as mentioned in section IV-C.
B. AVERAGE ACHIEVABLE SYSTEM CAPACITY
We define a parameter, called average achievable capacity (per terminal), to measure system capacity as 8 shows average achievable capacity per terminal vs. M . It is obvious that the average achievable capacity increases with the increase of M . In addition, when M ≤ 250, the capacity increases significantly with the increase of M . However, when M > 250, it almost saturates because of pilot contamination. Fig.9 shows average achievable capacity per terminal vs. K . It is obvious that the average achievable capacity decreases with the increase of K . This is because the potential interference becomes more severe with a larger K . Fig.8 and Fig.9 also indicate that for (27), we have ''CPR Scheme'' > ''Proposed Scheme'' > ''Location-Aware Scheme'' > ''Classical Scheme''.
VI. CONCLUSION
By adopting the spatial correlation among terminals, this paper proposed a novel approach to deal with pilot contamination for spatially correlated massive MIMO systems. When τ < K , the intra-cell and inter-cell interference will severely damage the system performance. In this paper, a user grouping method related to channel AOA similarity was formulated to mitigate intra-cell interference firstly. After this grouping method was adopted in all cells, a pilot allocation method was constructed to alleviate inter-cell interference. Compared with the existing pilot allocation schemes, the simulation results showed that the proposed approach can effectively improve the complexity-performance trade-off with finite number of BS antennas.
